Ground state gas phase proton affinities, alkali metal cation (Li 
) -free molecule interactions are predominantly of an ion-dipole attraction and the ion-induced dipole interaction as well rather than a covalent interaction.Calculated proton and metal cation affinities are sought to be correlated with some of the computed system parameters like the calculated net charge on the binding atom of the free molecules and with the net charge on proton, Li
INTRODUCTION
Acid-base interactions are of prodigious importance in chemistry. Quantitative studies in the gas phase provide the inherent acid-base properties free from interference due to solvent molecules and counter ions. The majority of the extensive studies concern about different gas phase proton transfer equilibria. 1 Protonation reactions are very important in a various organic reaction mechanism and it plays significant roles in bio-molecular processes. 2 Though mass spectrometric studies can explain easily the thermodynamic and kinetic properties of protonation and deprotonation process but it is difficult to recognize the structural behavior, sometimes more than one results are obtained. 3 The heterocyclic molecules have very recently drawn much attention due to their "shifted PKa values" upon complexation to metal ions, because it can rationalize the existence of nucleobases of differing protonation state at physiologicalP H . 4 The reactivity and positional selectivity for electrophilic substitution reactions of fivemembered N, O and S heterocyclic compounds were studied quantitatively. 5, 6 It is also known that heterocyclic compounds containing N, O or S hetero atoms (X) increase the reactivity of α-carbon (next to hetero atom) and usually form stable complexes. It was also seen 5, 6 that the order of the reactivity (Nhetero > O-hetero > S-hetero) does not maintain the sequence of positional selectivity (product ratio of α andβ substituted complexes), it appears as O-hetero > S-hetero > N-heterocyclic compounds. In the
present work we have optimized the H + -heterocyclic (pyrrole, furan, thiophene) complexes thrice (by changing the position of the proton in initial input) to investigate proper binding sites for protonation and the most stable protonated complexes. Interestingly, in each heterocyclic molecule, more than one protonation sites (heteroatom, Cαand Cβ) are found. Lithium and sodium complexes of these molecules are optimized in two different ways. At first, lithium and sodium are directly bonded to X atom and secondly, they are non-bonded in the initial input. We observethat,Li + and Na + have two possible positions relative to hetero cyclic molecules (pyrrole, furan, thiopheneand pyridine).A number of experimental and theoretical studies were performed [7] [8] [9] [10] with different heterocyclic molecules. To the best of our knowledge, a systematic and comprehensive comparative theoretical investigation on gas-phase basicity, proton affinity (PA), alkali metal cation affinity and basicity of the above-mentioned molecules is still lacking. OttoDopferet al 11 have reported on protonation of heterocyclic molecules. Interaction of hydrogen molecules with complexes of lithium cation and N-containing heterocyclic anions have been studied earlier. 12 Some electronic properties of pyridine, pyrimidine, pyrazineandpyridazine have been studied 13 before by the DFT method. LiNH2 interaction with pyridine, furan and thiophene havebeen reportedrecently.
14 Stabilities and structures of five membered heterocyclic molecules containing N, O and S hetero atom were investigated by Hikora et al. 15 In an effort to comprehend the nature of bonding and origin of variation in the relative magnitude of the basicities, lithium cation affinities, basicities (LCA, LCB) and sodium cation affinities, basicities (SCA, SCB) to be expected in a series of heterocyclic compounds (pyrrole, furan, thiophene and pyridine), the most biologically important and deadly poisons, we havecomputationally studied the gas phase basicities, LCA, LCBand SCA, SCB of the above said molecules.The comparative studies of proton affinity, Li + , Na + affinity and basicity of these heterocyclic compounds in the ground state have been performed by the DFT/ B3LYP method using 6-311G(d,p) basis set. Alkali metal ions were the first metal cations to be considered in the gas phase for their coordination properties. Because of their relatively easier production under vacuum. On the contrary with the transition metal ions, their reactivity towards ligands is rather simple, in general, they form adducts, or clusters that can be considered as ions "solvated" by one or several ligands. 16 In recent times, the basicities of a series of substituted crotonaldehyde and acetophenone in their ground state were reported. 17, 18 The gas phase Li + and Na + affinities of a series of substituted crotonaldehyde and acetophenone in their ground state were also reported in previous studies. [19] [20] [21] Gas phase methods [22] [23] [24] [25] [26] [27] [28] [29] [30] have the advantage for determining the intrinsic ground state, acid-base properties in the absence of complicating effect of solvation. Therefore the present study has been undertaken to evaluate few important data in the gas phase. The intention of the present work is not only to assemble information of the basicities, proton affinities, Li + and Na + affinities of the above said heterocyclic molecules by means of computational calculation but also to observe the geometrical features of their protonated, lithium, and sodium complexes.We also report more than one result about protonation and alkali metal cation interaction site(s) observed in our study. Here we have analyzed the PA, LCA and SCA values to understand whether the pre-complex charge distribution local to the molecules or post-complex relaxation of charge density or both are important for explaining the overall gas phase basicity and affinities of the molecules in the ground state. Since the ion-molecule complexes are involved in molecular recognition process 32 and help in removing metal cations from contaminated media. These studies may be used to gain insight into many important biological processes, [33] [34] [35] [36] electron transfer process 37, 38 and more complicated biological system. In this work, we have looked into the possible origin of the small shift in the proton, Li + and Na + affinities on the heterocyclic molecules and also focus our attention on the nature of bonding in protonated and alkali metal complexes.
EXPERIMENTAL
Standard quantum mechanical calculations (DFT)were performed at B3LYP/6-311G(d,p) level 39 using Gaussian O9W program package. 31 In all calculations, complete geometry optimization has been carried out on the free molecules and on their protonated, Li with higher accuracy with respect to the experimental results. So this method is appropriate as an alternative to the traditional ab initio method for studying these types of interactions. Frequencies were calculated at same levels. No scaling was applied to obtain DFT frequencies for the calculation of thermodynamic parameters (at 298.15˚K) using standard procedures. Natural population analysis (NPA) has been applied to evaluate the partial atomic charge on atoms.
Furan ThiophenePyrrole Pyridine 
RESULTS AND DISCUSSION
Gas phase proton affinity(PA), Lithium cation affinity (LCA) and Sodium cation affinity (SCA) is defined as negative value of enthalpy change (∆H) of the following reactions:
Where, B represents the corresponding hetero cyclic molecule.
Gas phase basicity, Lithium cation basicity (LCB), Sodium cation basicity (SCB) is the negative value of free energy change (∆G) of the same reaction 1, 2 and 3. In case of pyridine we observe that H + prefers to bind with heteroatom (N) to form a stable protonated complex. That means Cα protonated complexes (for B1, B2, B3) have reached to the global minima potential energy surface (PES) whereas Cβ and X-protonated complexes corresponds to the comparatively higher energy local minima. For B4, X-protonated species corresponds to the global minima PES. From Table- respectively. Gas phase PA value of pyridine (-232.8 kcal/mole) is also found to be well agreed with the experimental data (-225.86 kcal/mole, Calculated gas phase basicities are in a good correspondence to the experimental ones (Table-1 ). In respect to the obtained ∆G values of the Cα-H + complexes, the differences are ±9.1, ±2.53, ± 13.04 kcal/mole for B1, B2 and B3 respectively and it is ± 5.83 kcal/mole for B4. The calculated difference in gas phase basicities for protonation at Cα and Cβ site(s) are ± 5.14, ± 0.0 and ± 9.14 kcal/mole for B1, B2 and B3 respectively. Considering all PA values of different protonated complexes of pyrrole, furan and thiophene, PA order can be written as Cα-H⁺> Cβ-H⁺> X-H⁺. With the inclusion of pyridine in the series, PA order of the molecules ranked as pyridine > pyrrole > thiophene > furan. This order of stability (PA) of the Cα, Cβand X protonated complexes are well supported by NPA results. Partial NPA charges on binding proton in the complexes obtained from NPA procedure are summarised in Table-3 . values, lithium and sodium complex stability of the studied heterocyclic molecules stand in the order Nhetero > S-hetero > O-hetero. In the present study it is pyridine > pyrrole > thiophene > furan.As per result obtained in this work, the metal cation affinities or metal cation basicities are much lower than proton affinities and gas phase basicities. But the order of metal cation affinity and basicity of the molecules are observed same as PA order. Partial NPA charges on alkali metal cation (qLi+ and qNa+)of the metal complexes are summarised in Table-5 . ∆QLi + and ∆QNa + valuesindicate the fact of a significant charge transfer from ligand to the metal cation. It may also be expected that, there will be a good correlation between the extent of charge transfer and complex stability or metal cation affinity, but this is not found properly, instead, the NPA results produce stability order as pyrrole> thiophene > pyridine > furan for lithium complexes. In case of sodium complexes, this order appears as pyrrole ≥ pyridine > thiophene > furan. Charges on the atom obtained from both MPA and NPA procedure tend to suggest that, two different Lewis acids H⁺ and alkali metal cation (Li⁺ and Na⁺) shows to the contrary in nature of bonding with the ligand. Proton adds to the molecules gives a covalent sigma( ) bondwith extensive charge transfer where H⁺ retains with 0.202 to 0.587 unit of NPA charge. On the other hand ,thebond formed by alkali cations (with its filled 1S shell) is largely ionic in nature. Thus the interactions are ion-dipole and ion induced dipole rather than covalent where Li⁺ cation retains with 0.896 to 0.975 e and Na⁺ contain 0.95e to 0.98e of positive charge in the complexes. Some geometrical parameters for protonated and alkali metal (Li⁺ and Na⁺) complexes of the heterocyclic compounds are summarised in Table- Protonated complexes of pyrrole, furan, thiophene and pyridine Pyrrole, furan, thiophene are planar 5-membered heterocyclic molecules. They have three possible protonation sites X, Cαand Cβ. Pyridine is a planar 6-membered heterocyclic molecule.Single protonation site (N) has been found for pyridine in our study. Geometrical optimized structures obtained in B3LYP/6-311G (d,p) optimization process of all possible protonated complexes of these heterocyclic molecules are shown in Fig.-2 . From the data tabulated in 6a part of Table-6 , we observed that, X-H⁺ bond distance is largest in thiophene (1.362Å) and it is found shortest in furan (0.976Å). The <Cα-X-H⁺ bond angle varies in the range 99.7° to 118.37°. Torsion angle (τ) < Cβ-Cα-X-H⁺ of the complexes revealed that,fivemembered heterocyclic compounds lost their planarity due to the protonation at X atom, but pyridine remain planar even after X-H + complex formation.Comparison of the geometrical parameters of Cα-H⁺ and Cβ-H⁺complexes (except pyridine) of all four heterocyclic molecules (Table-6b and6c) clears that, the geometry of the complexes strongly affected by H⁺ interaction. Both 5 and 6 membered heterocyclic molecules become non-planar after protonation. Ther(Cα-H⁺) and r(Cβ-H⁺) bond length remains almost same (1.09 to 1.1Å) and 1.1Å) in each case. It has been seen in the present work, protonation at all three (X, Cα, Cβ) sites leads to elongation of Cα-X bond length for pyrrole, furan and thiophene, it remains almost same in pyridine (X-H⁺)complex. Due to protonation at the Cα position of these three molecules,C1-X bond length elongated by 0.09Å, it is 0.06 to 0.11Å for X-protonated complexes. In case of Cβ protonation, C1-X bond distance increased by 0.05Å and 0.04Åfor pyrrole and thiophene while it is decreased by 0.1Å for furan.Little contractions are observed in C1-C2 of X-protonated species whereas C1-C2bond length elongated by 0.11 to 0.12Å for Cα protonation. Cβ protonation induces small contractions of C1-C2 in pyrrole, thiophene (0.03 to 0.04Å) and large elongation (0.11Å) in furan. We have observed, C2 -C3 bond length increases 0.02 to 0.04Å and 0.06 to 0.07 Å due to protonation at X and Cβ position, while 0.06 to 0.07 Å contraction is observed due to Cα protonation. Figure-3 shows the optimized structures of lithium and sodium complexes of four studied heterocyclic molecules. Lithium and sodium have different position (in the plane, out of plane)depend on the types of heterocyclic molecules. For furan and pyridine, lithium complexes are found in plain (structure b, d)where a bond is formed between lithium cation and X heteroatom. The X-Li⁺ bond distance is 1.84Å and 1.91Å for furan and pyridine respectively. Dihedral angle (τ) <C-C-X-Li⁺ is found 179.7° and 179.99° in furan and pyridine complex. The out of plane structures are formed for pyrrole (a) and thiophene (c) where lithium remain above the ring but inclined to the heteroatom (N and S). The distance between X and Li⁺ is 2.19Å and 2.46Å for pyrrole and thiophene respectively. Out of plane structures are well supported by obtained < C-C-X-Li⁺ dihedral angle data of Table- ). The X-Na⁺ bond distances are found little higher in all complexes relative to X-Li⁺ distances. The bond distance between sodium and X atom is 2.23Å and 2.3Å in furan and pyridine. In pyrrole and thiophene complexes, X-Na⁺ distances are found larger; it is 2.87Å in pyrrole and 2.92Å in thiophene.
It is known that, isomers having lowest potential energies are most stable. But there is some exception with the conjugated cyclic planar ring systems. In these cases stability of the molecules depends on their resonance stabilization energy. DFT method provides some important parameters like hardness (η), the chemical potential (µ), electrophilic index( ) which helps to predict the molecular stability and reactivity. 41 The absolute hardness (η) is defined by (I -A)/2. Where I is the vertical ionisation energies and A mean the vertical electron affinity. According to Koopman'stheory ,I= −εHOMO (HOMO energy) and A = −ε LUMO (LUMO energies). Therefore η = (εLUMO ~ εHOMO)/2. Table-7 contain the values of HOMO and LUMO energies of the studied molecules and their hardness also. In order to understand the stability of the protonated complexes, we also summarized the hardness for thedifferent protonated complexes in the same Table. The higher HOMO energy is expected for a more reactive molecule in a reaction with electrophile 42 . The calculated HOMO energies are obtained in this work as pyridine (-7.09ev)< thiophene (-6.6ev) < furan (-6.38ev)< pyrrole (-5.75ev). The HOMO-LUMO energy gap is lower in the protonated complexes relative to the unprotonated species in each case. In an effort to estimate the reactivity of these molecules computationally, we calculate the chemical potential (µ) andelectrophilicity index ( ) of each molecule (Table-8 ). The calculated µ and values are seen lowest for pyrrole (-2.39 ev and 0.840 ev) then followed by furan (-3.09 and 1.46 ev), thiophene (-3.05 and 2.05 ev) and pyridine (-4.02 and 2.61 ev). 
CONCLUSION
From the above theoretical analysis, it can be well concluded that,pyrrole, furan andthiopheneexhibit highest PA values when proton attacked at the Cα position of the free molecules. Proton preferentially attacked at hetero atom (N) and formed a most stable protonated complex of pyridine. Cβ-protonated complexes are also formed for three five-membered heterocyclic molecules [which can be rationalized by kinetic factor 42 ]. PA and basicity results obtained in this study shows good agreement with the results found in the literature. Protonation at all three position (Cα, Cβ, X= N, O, S) leads to form non-planar structures of pyrrole, furan and thiophene. The only pyridine retains with planar form. N-hetero molecules (pyridine and pyrrole) exhibit more affinity and basicity as well for alkali metal cations (Li⁺ and Na⁺) compared to O and S-heterocyclic molecules. Furan and thiophene can form lithium complex with two different geometries. One is in-plane and another is out-of-plane structure. Alkali-metal complexes of pyridine are found to exists with planar structures. Comparing three 5-membered heterocyclic molecules, the only furan-sodium complex is planar. Pyrrole-lithium or pyrrole-sodium and thiophene-sodium complexes are found non-planar. The lower value of and is characterised by the more reactivity of the molecule. In the present study reactivity order of the molecules are pyrrole> furan > thiophene > pyridine.
